Abstract Environmental concerns, the limits of fossil fuel reserves and continued economic growth will create an increasing demand for non-polluting, stable and reliable energy systems. Renewable energy systems offer an alternative to conventional systems, but are intermittent in nature and are not yet capable of meeting energy demand. Their relatively high capital cost is the single greatest barrier to their uptake, but their lower operational and maintenance costs offer economic advantage over the long-term. This paper focuses on how the improvement of a renewable energy technology, in this case a solar louvre system, could reduce its payback period and so improve its market potential.
Introduction
Energy resources can be classified into two main categories: renewable and nonrenewable. The greatest proportion of the world demand for electrical power is currently met by non-renewable (exhaustible) resources, such as fossil fuel (oil, coal, lignite and natural gas) and nuclear power. In addition to their eventual exhaustion, non-renewable sources have the further disadvantage of causing environmental damage. In the case of fossil fuel, their combustion leads to global warming and acid rain due to the release of CO 2 and other pollutants, and in the case of nuclear power, the disposal of radioactive waste and the risk of nuclear contamination due to accidents at the generating plant are serious concerns.
Renewable energy resources offer an alternative to conventional resources, but differ in their capacity for power generation (i.e. how much of the energy burden they can bear), suitability of potential site, sustainability and stability of energy resource [1] . In fact, most forms of renewable energy (e.g., wind, solar and hydropower) are limited by environmental and geographic factors. Renewable technologies also have relatively high capital cost but it is their lower operation and maintenance costs that make them attractive over the long term.
To summarise, the solution to the growing need for energy is a complex issue and needs to consider ecological issues, and economic viability, in addition to the technical aspects of matching supply and demand.
Environmental impact of various energy sources
The physical aspects of the potential energy resources include suitability of site, sustainability and stability of resource. These differ greatly and are summarized in Table 1 . The fuel cycle and its externalities affect the environmental qualities of an energy resource. Fuel cycle refers to all the processes associated with the generation of electricity from a given fuel. This includes (using oil as the example) the construction of a new plant, extracting the oil, refining, transportation of oil, waste disposal, power generation, and electricity transmission. Fuel cycle externalities incorporate the environmental and health impacts of the energy used and their related external costs. These issues include global warming, air pollution, acid precipitation, ozone depletion, forest destruction and emission of radioactive substances [2] , all of which affect public health, agriculture and ecosystems [3] .
Environmental impact of solar energy system
Solar systems, including solar thermal and photovoltaics offer environmental advantages over electricity generation using conventional energy sources. The benefits arising from the installation and operation of solar energy systems fall into these main categories, i.e., environmental, economical and social issues.
From an environmental viewpoint, the use of solar energy technologies has several positive implications [4] , which include:
• Reduction of the emission of the greenhouse gases (mainly CO2, NO x ) and of toxic gas emissions (SO 2 , particulates); • Reclamation of degraded land; • Reduced requirement for transmission lines within the electricity grid; and • Improvement of the quality of water resources.
The socio-economic benefits of solar technologies include [4] :
• Increased regional/national energy independence.
• Creation of employment opportunities.
• Restructuring of energy markets due to penetration of a new technology and the growth of new production activities.
• Diversification and security (stability) of energy supply.
• Acceleration of electrification of rural communities in isolated areas.
• Saving foreign currency [3] .
Although, the potential of renewable energy resources is large, current systems produce only small amounts of electricity, most of them are intermittent, take up a large amount of space and are unsightly. The negative environmental aspects of solar energy systems include:
• Pollution stemming from production, installation, maintenance and demolition of the systems.
• Noise during construction.
• Land displacement.
• Visual intrusion.
These adverse impacts present difficult but solvable technical challenges. It is worth mentioning that no artificial project can completely avoid some impact to the Environmental and economic impact of a new type of solar louvre thermal collector 219 environment, but measures can be taken to lessen environmental impact. For example the solar element can be integrated in buildings as an architectural element in an aesthetic manner. Hence land displacement and visual intrusion can be alleviated. Solar louvre collectors are an important example of a renewable energy technology that can be used to evaluate economic and environmental impact (see Fig. 1 ).
Economic and environmental analyses of solar louvre collector
Generally, solar processes are characterized by high initial cost and low operating costs. Thus the basic economic problem is one of comparing an initial known investment with estimated future operating costs. The main objective of this analysis is to evaluate the economic and environmental viability of a solar system integrated into overhang louvres (architectural element) and to compare two different types of collector (direct heat exchange, D-X, referred to here as type I (see Fig. 1 (a) [5] and heat pipe collectors, H-P, referred to here as type II (see Fig. 1 (b)) [6] to predict the effect of technological development on capital cost. The payback period, total cost of energy unit and CO 2 emission saving will be considered. The heat pipe collector was designed to be integrated into elliptical overhang louvres. This heat pipe collector had previously been designed for direct-heat exchange collectors [5] . The new design of heat pipe collector (H-P) eliminates a set of structural elements used in the first design (D-X), and so improves ease of manufacture and lessens construction weight [6] . The structural elements that were removed are:
• The four strips of rubber seal, which were used to attach the glazing to the aluminium frame. This rubber seal was subject to contraction and expansion due to the changing climate conditions. As a result, it presented the risk of rain penetration and high convection heat loss.
• The central aluminium hub (boss) used to separate the two channels and act as a rotation support could be replaced by a simple support on the external frame.
• Two poly-carbonate sheets with the whole aluminium frame, which are of special mould, could be replaced with one elliptical glazed sheet. • The elliptical shape of the copper channels could be changed to more conventional cylindrical channels (i.e., no need for specific molding and high initial cost).
• The number of louvres required to cover the horizontal depth above the window can be reduced in H-P type while providing the same active surface area. This is due to the extreme flexibility of its geometry with window size, latitude (i.e., building location) and the required energy. Consequently, the necessary static construction will be reduced and a dramatic saving in initial cost will be made compared with the D-X type.
The cost of existing louvres and the estimated cost of each type of solar louvre collector are presented in Table 2 ; source louvre manufacturer-Maple, UK. The cost of solar louvre collector Type-II (H-P) has been estimated as 30% lower than cost of the type I collector. In order to evaluate the saving afforded by the louvre collector system, the auxiliary energy type and cost of energy must be assessed. A hybrid solar/gas source energy is assumed to be used for water heating, i.e., auxiliary heat from gas compensates any shortfall in solar energy. Natural gas, which is usually the cheapest energy available, is used as a comparative source of energy. The energy costs of the new system depend on solar fraction and gas burner efficiency. The annual solar fraction can be defined as: f sol = Energy provided by solar system/Total load
Where I is the average value of total incident solar radiation for the whole year [kW/m 2 ]. By considering the burner efficiency:
Therefore, the auxiliary heat from gas can be calculated as follows:
The annual energy saving for one year is:
Assuming a daily consumption of 200 litres of hot water per day, which should supply the needs of an average family, at 60°C with a collector area of 4.5 m 2 and a burner efficiency of 80%, the heat load (Q load ), auxiliary gas heat (Q gas ), energy savings (Q save ) and annual solar fraction ( f sol ) can be obtained as tabulated in Table 3 . ' The time needed for the cumulative fuel savings to equal the total initial investment, that is, how long it takes to get an investment back by savings in fuel cost (see Fig. 2 ). The most common way to calculate this payback time is without discounting the fuel savings. It can also be calculated using discounted fuel savings' [7] .
Payback period
The payback period can be calculated by taking into consideration the initial investment cost (C invest ) of a certain collector area (4.5 m 2 ) for each collector type, the cost of auxiliary energy in the first year (C gas,1year ), the annual energy savings (Q save ), inflation rate (i) and interest rate (d) as summarized in Table 4 . (6) where Q save can be obtained from Table 3 and C invest from Table 2 , which can be calculated as follows:
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International Journal of Low Carbon Technologies 1/3 The payback period (N) of each collector is obtained by solving equation (6) as shown in Table 5 . It is clear that the payback period for the H-P collector is much less than that of the D-X collector (about 17%). Of course, this is due to the lower initial cost (C invest ) of the H-P type and the higher energy saving (Q save ) derived from its superior collector performance. Even assuming that the initial cost of both collectors is the same, the payback period of H-P collector would still be 5 years shorter than D-X collector (i.e. about 40%). Furthermore, it is likely that the performance of the H-P collector could be improved by increasing the number of heat pipes.
The payback period is also strongly influenced by the latitude of the site employing the solar louvre collector. This can be illustrated by calculating collector performance for various climatic conditions at different latitudes, as shown in Table 6 . Calculations have assumed the same required heat load (Q load = 3609.9 [kWh/year]), and assumed constant values for the cost of gas, interest rate, inflation rate, and the investment cost of the collector (H-P). Fig. 3 shows how the auxiliary load (gas) reduces and the saving energy increases as climate conditions become hotter.
Environmental analysis
For energy related emissions, the protocol is based on the product of energy consumption and CO 2 emission factors (Carbon Trust). This approach can be used to This section provides an estimate of the saving in CO 2 i.e., not emitted to the atmosphere which would result from the deployment of each type of solar louvre collector over the system's life, N″. The emission of CO 2 for natural gas (the selected fuel) is estimated as 0.230 kg/kWh [8] for a burner efficiency of 80%. The reduced CO 2 can therefore be calculated as:
It can be seen from Table 7 that improving the collector efficiency has a significant impact on reducing CO 2 emission that would save an additional 23% in cold climate conditions.
Economic evaluation of conventional and renewable energy systems
The high capital cost of solar energy systems (or more generally renewable energy systems) presents the greatest barrier to their uptake. However, a fair comparison of different energy systems can only be made if a life cycle cost analysis, including all costs associated with the commissioning/decommissioning and operation of each power system over its lifetime is performed. Evaluation of the economics of energy systems strongly depends on four cost factors [9] : capital cost (which includes equipment and installation expenses); fuel cost; maintenance cost; and external cost. External cost is the cost that is imposed on society and the environment but is not accounted for by the producers and consumers of energy [1] . External cost has unseen annual increments due to the growth of problems, which will be paid for either directly (by taxes) or indirectly in terms of potentially hazardous effects. Studies have been carried out in many countries to provide an integrated decision aid for the adoption of renewable energy systems. Most findings encourage the exploitation of these resources, but delay often stems from investment decisions based on market prices and other economic factors. Cost benefit analysis (CBA) is a very useful evaluation tool that promotes higher quality, operational and political decisions [3] . It provides the methodological framework, which allows the private cost or benefits, and the external cost or benefit, to be translated into monetary units. It is concluded from a case study adopting CBA analysis that, even if the benefits related to employment growth and drop in environmental impact are ignored and the analysis is restricted to the direct visible benefits resulting from the saving in conventional energy sources, the benefit cost ratio (B/C) is still greater than 1.
The cost of conventional systems is expected to increase with time due to depletion of resources, increased energy demand due to continued economic growth, and the tightening of pollution standards (i.e. increase of external costs). On the other hand, a significant decrease in the cost of renewable energy systems is predictable over time as a result of technological development and greater market penetration. This is illustrated by the chain reaction (positive feedback) shown in Fig. 4 [10] .
Conclusions
The following conclusions can be drawn from this study:
• Choosing the most suitable renewable energy technology for a potential site/climate is crucial to shortening its payback period and increasing stability of supply.
• Optimizing the design of the solar louvre collector reduces the initial cost and therefore its payback period.
• The environmental impact of the solar louvre technology is strongly related to the performance of the collector. • The payback period of H-P solar louvre collector is estimated to be in the order of 17% of the D-X type, due to its lower initial cost and its higher performance and 40% due to the superior performance over the D-X type.
• Delay in adopting renewable energies is likes to have a negative effect on a nation's economic growth as well as its environment.
